is larger than that of the bulk in both Ar and O 2 saturated solutions.
Introduction
Activity of an electrochemical reaction strongly depends on the surface structure of the electrode. [1] [2] [3] [4] Many papers have reported structural effects on the activity using single crystal electrodes of which surface structures are well-defined. Determination of the real surface structures of single crystal electrodes is necessary for the elucidation of the structures of the active sites of electrochemical reactions in atomic and molecular scales. Pt and Pd electrodes have extremely high catalytic activity for the oxygen reduction reaction (ORR) of fuel cells. [5] [6] [7] [8] [9] [10] [11] Thus determination of real surface structures of these electrodes will reveal the structures of the active sites for the ORR.
Real surface structures of Pt single crystal electrodes were studied using scanning tunneling microscopy (STM) [12] [13] [14] [15] [16] and surface Xray scattering (SXS) in electrochemical environments. Atomically flat Pt(100) and Pt(111) electrodes have unreconstructed (1 © 1) structures. [13] [14] [15] 17, 18 Pt(110) is composed 2 atomic rows of (111) terrace and monoatomic (111) step in bulk terminated structure, and notated as 2(111)-(111). Pt(110) has (1 © 1) or (1 © 2) structures depending on the annealing and cooling conditions. [19] [20] [21] The interlayer spacing between the first and the second layer d 12 is expanded in the adsorbed hydrogen region on all the low index planes of Pt, however the values of d 12 are identical with those in the bulk single crystal electrodes in the double layer region. [17] [18] [19] The study was extended to the high index planes of Pt. SXS study shows that Pt(311) = 2(100)-(111) has reconstructed (1 © 2) structure in both the adsorbed hydrogen and the double layer regions. 22 However, the surfaces composed of 3 atomic rows of terrace, such as Pt(310) = 3(100)-(110), 23 Pt(511) = 3(100)-(111) and Pt(331) = 3(111)-(111), have unreconstructed (1 © 1) structures. 24 Reconstruction to (1 © 2) enlarges (111) terrace width on the surfaces with 2 atomic rows of terrace such as Pt(110) and Pt(311). Surface energy of the close-packed (111) structure is lower compared with other surfaces; enlargement of the (111) terrace width stabilizes the surface structure after the reconstruction to (1 © 2). 24 On the surfaces with more than 3 atomic rows of terrace, however, (111) terrace width does not increase after the (1 © 2) reconstruction. Thus enlargement of (111) terrace width is regarded as a motive force to the (1 © 2) reconstruction on single crystal electrodes of Pt. 24 The ORR activity was discussed on the basis of the surface structure determined with SXS, and the active site for the ORR is assigned to (111) terrace edge on Pt electrodes. 9 There have been few reports on the real surface structures of single crystal electrodes of Pd in electrochemical environments. STM study showed that Pd(111) has unreconstructed (1 © 1) structure in 0.5 M H 2 SO 4 .
25 SXS study also verified that flat Pd(111) and Pd(100) surfaces have unreconstructed (1 © 1) structure at 0.50 V (RHE) in Ar and O 2 saturated solutions 0.1 M HClO 4 . 26 The values of d 12 is larger compared with those of bulks in O 2 saturated solution. The ORR activity increases with the increase of the terrace width on single crystal electrodes of Pd, and (100) terrace has higher activity for the ORR than (111) terrace. 10, 11 SXS study verifies that flat (100) terrace is the active site for the ORR on Pd electrodes. Pd(110) = 2(111)-(111) and Pd(311) = 2(100)- (111) have the lowest activity for the ORR in the high index planes of Pd. 10 Elucidation of the real surface structures with low activity will also give important information on the origin of the ORR activity of Pd electrodes. In this paper, surface structures of Pd(110) and Pd(311) have been determined in electrochemical environments using SXS. The results are compared with those of Pt(110) and Pt(311) of which surfaces are reconstructed to (1 © 2).
Experimental
A single crystal surfaces of Pd with a cross-sectional area between 0.20-0.25 cm 2 was prepared with the method reported previously. 27, 28 XRD measurement confirmed the quality of bulk crystals of Pd(110) and Pd(311).
Electrolytic solutions were prepared using ultrapure water treated with Milli Q Advantage (Millpore) and suprapur grade chemicals (Merck). The purity of O 2 and Ar was higher than 99.9999%. All the potentials were referred to RHE. The window of SXS cell was made of polypropylene film, to which the electrode was pressed during SXS measurements. The window was surrounded by polyimide film into which Ar or O 2 was flowed.
SXS measurements were performed at BL13XU for surface and interface structural determination in SPring-8. Electrochemical cell for SXS was set on multi-axis diffractometer in the hatch 1 of BL13XU. 29 The energy of the X-ray was 12.4 keV. Background subtracted intensities were measured by rocking scans along the crystal truncation rods (CTRs). The diffracted beam was measured using the symmetric ½ = 0 mode. The electrode potential was fixed at 0.5 V. The following rods were measured in 0. For the specular rods (0 0 L) of Pd(311), we cannot obtained sufficiently credible data for structural analysis. However, structural refinements using several independent non-specular rods also give information on interlayer spacings as specular rods. Some papers have determined the interlayer spacings without the measurements of specular rods. [30] [31] [32] The intensities reported herein are corrected for surface area, Lorentz and polarization factors. 33 ROD software was used for the structure refinements. 34 Rectangular and monoclinic coordinate system were used for Pd(110) and Pd(311), respectively, in which the reciprocal wave vectors were Q = Ha* + Kb* + Lc*, where a* = c* = 22. The surface structure was optimized by changing atomic coordinate parameters between the first and the fourth layers, scale factors, and roughness factor. The value of the fractional factor is fixed to 1 in this analysis. The optimization was estimated using » 2 that is defined by the following formula:
where N and p are the number of structure factors and free parameters in the model, respectively, and · hk is a statistical error.
Results and Discussion
We measured voltammograms of Pd(110) and Pd(311) in 0.5 M H 2 SO 4 saturated with Ar to confirm the crystal orientations. The voltammograms were identical with those reported previously. 27, 28 Figure 1 shows voltammograms of Pd(110) and Pd(311) in 0.1 M HClO 4 saturated with Ar in which SXS was measured. The voltammograms in O 2 saturated solution were reported in previous paper. 26 We measured SXS at 0.50 V (RHE) (the double layer region) in Ar saturated solution (Fig. 1) , whereas the potential locates in the fully diffusion controlled region (limited current region) of the ORR in O 2 saturated solution. No fractional rod, which is the solid evidence of the reconstruction, was found on both surfaces. (110) and Pd(311) surfaces, whereas (1 © 2) models cannot fit the data. The other rods gave the similar results. These facts support that Pd(110) and Pd(311) have (1 © 1) structures. Theoretical study shows that O 2 molecule is adsorbed in end-on configuration at the on-top sites on Pt(111) during the ORR. 35 This will be also the case of Pd electrodes. However, atomic weight of oxygen is too small to affect CTRs; we do not include oxygen in the fitting models of the CTRs. Figure 3 shows the hard sphere models of (1 © 1) structures of Pd(110) and Pd(311) surfaces. The low activity for the ORR is attributed to the narrowest terrace width of Pd (110) (4d) 10 . Filled 4d orbital may contribute to the stabilization of (1 © 1) structure of Pd (110) and Pd(311) without the expansion of (111) terrace width. 26 On Pd(311), the interlayer spacings are expanded in O 2 saturated solution. The interlayer spacings below the fifth layer were the same as that of the bulk. Electronegativity of oxygen atom is so high that the electrons are attracted to the adsorbed oxygen molecules during the ORR. Thus Pd atoms may be polarized positively to expand the interlayer spacing in O 2 saturated solution (Fig. 4) . Calculations using density functional theory (DFT) predict the expansion of interlayer spacings due to the adsorbed oxygen on Pd, 36 Au 37 and Ru. 38 The value of d 12 is smaller than that of the bulk on Pt(311) electrode in Ar saturated solution. 22 The contraction of the surface is attributed to electrostatic attractive force between the first and the (2014) second layers resulting from the electron transfer from the topmost atoms to the bottom of the step. 39 On Pd(311), however, the interlayer spacings are expanded even in Ar saturated solution, although the degree of the expansion is smaller than that in O 2 saturated solution. This relaxation is completely opposite to that of Pt(311) at which the interlayer spacings are contracted. 22 The difference of the electron configuration in the outer shell may cause the difference of the relaxation. Theoretical calculation is necessary to solve this problem. Pd(100), of which ORR activity is the highest, has wide flat surface with 4-fold symmetry in Ar and O 2 saturated 0.1 M HClO 4 according to previous study.
26 Pd(110) and Pd(311) = 2(100)-(111), which have the lowest activity for the ORR, have stepped structures with two atomic rows of narrow terraces. These results verify that narrow terraces deactivate the ORR on Pd electrodes.
Conclusion
Pd(110) and Pd(311) has unreconstructed (1 © 1) structure at 0.5 V (RHE) in 0.1 M HClO 4 . Interlayer spacing equals to the bulk 
